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ABSTRACT 10 

High latent heat and thermostatic properties of phase change materials (PCMs) have made them the 11 

promising materials. Herein, a novel thermally-induced flexible 1-Hexadecanol/Olefin block 12 

copolymer/Hexagonal boron nitride (HD/OBC/h-BN) composite phase change material (CPCM) is 13 

proposed. Bio-based non-polluting material of HD is employed innovatively as the phase change 14 

component. The triggering of HD phase transition can achieve various deformation modes for CPCM, 15 

which is beneficial to reduce the thermal contact resistance between CPCM and device. The electrically 16 

insulating property of h-BN not only improves the thermal conductivity and the heating/cooling rate of 17 

CPCM, but also further solves the problem of the HD leakage (as low as 0.31 wt%). The prepared CPCM 18 

with excellent flexibility and high latent heat (above 150 J/g) has good thermal stability and thermal 19 

reliability in the working temperature range. This provides developed CPCM greater potential for thermal 20 

energy storage (TES) and thermal management (TM) than conventional PCMs. 21 
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1.Introduction 30 

In recent years, the exploration of new technologies to achieve more efficient and cleaner ways to use 31 

and manage thermal energy has been a hot issue in the scientific community. Thermal energy utilization, 32 

such as solar heating [1, 2] and waste heat recovery [3, 4] relies on an efficient and economical thermal 33 

storage technology called thermal energy storage (TES), including sensible heat thermal energy storage and 34 

latent heat thermal energy storage (LHTES). LHTES uses a medium material with high latent heat to store 35 

surplus thermal energy and release the energy when needed. Its energy storage density is 5-14 times higher 36 

than that of sensible heat thermal energy storage, thus proves to be one of the powerful approaches for 37 

efficient energy storage and conversion [5-7]. Among a wide range of thermal management (TM) 38 

applications, including cooling of electronic components [8], building thermal management [9-11] and 39 

battery thermal management (BTM) [12-14] have received increasing attention in recent years. Recently, 40 

lithium-ion battery has been widely used in new energy fields such as electric and hybrid electric vehicles 41 

due to its high energy density, low cost and little memory effect [15]. However, lithium-ion battery has been 42 

proved to be very sensitive to temperature, which will significantly affect their capacity and power [16]. 43 

Therefore, it is crucial to construct an efficient BTM system to maintain the operating temperature of the 44 
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battery within the desired range. A large number of researchers have developed efficient BTM systems, 45 

which can be mainly classified into two forms: active and passive. The former includes air and liquid 46 

cooling, which usually requires additional equipment, energy consumption and space, while the latter form 47 

achieves efficient thermal management without consuming external energy. It is therefore an extremely 48 

promising technology for thermal management [17]. BTM system based on mediums with high latent heat 49 

can effectively reduce the maximum temperature rise of batteries, and has excellent thermal management 50 

characteristics. 51 

As mentioned earlier, a medium is required in both TES and TM. It is called phase change material 52 

(PCM), which is a substance that can absorb or release a large amount of latent heat at an approximately 53 

constant temperature during the phase transition process. PCM-based TES and TM systems have 54 

advantages of high thermal storage and thermal management capability without any additional power 55 

consumption. PCM includes organic type (e.g. paraffin, fatty acids and fatty alcohols) and inorganic type 56 

(e.g. salts, hydrated salts, metals and their alloys). The dominance of the organic type over the inorganic 57 

type is the absence of disadvantages such as phase separation. Meanwhile, its degree of overcooling is much 58 

lower than that of inorganic type. For the organic type, the fatty alcohol can be obtained from environmental 59 

friendly renewable biological resources. Moreover, it has good thermal and chemical stability, high latent 60 

heat storage capacity and suitable phase transition temperature. Compared to paraffin (PA) derived from 61 

petroleum, fatty alcohols are low-cost, non-toxic and non-corrosive with low overcooling and no phase 62 

separation [18]. It is worth noting that hexadecanol (HD) has a suitable phase transition temperature and 63 

high enthalpy as well as a good compatibility with other components of the composites. 64 

Although fatty alcohols have many advantages, the tendency to leak after melting has obviously limited 65 

its application in TES and TM applications [19, 20]. Polymeric materials or porous materials are usually 66 
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added as supporting matrix to prepare shape-stabilized composite PCM (CPCM) to limit the leakage of 67 

liquid PCM. Literatures are devoted to high-density polyethylene (HDPE) [21], low density polyethylene 68 

(LDPE) [22], polystyrene (PS) [23], polymethyl methacrylate (PMMA) [24], epoxy resin (ER) [25] and 69 

expanded graphite (EG) [26] as the supporting matrix of PCMs. Furthermore, Li et al. [27] employed 70 

cellulase hydrolyzed wood as the supporting material and used polyethylene glycol (PEG) as the PCM 71 

component. The prepared CPCMs have good mechanical properties, high energy storage capacity (151.74 72 

J/g), anisotropic thermal conductivity and good thermal stability. Trigui et al. [28] prepared the shape-73 

stabilized PCM based on LDPE using physical melting and mixing method. The results showed that the 74 

LDPE matrix could maintain the shape of the composite at the macroscopic level during the phase transition 75 

of PA. Wang et al. [29] focused on a novel shape-stabilized phase change material which was prepared by 76 

wrapping PA in ER. The results showed that the prepared material has good thermal reliability and leakage-77 

proof performance. The mass loss of CPCM was only 0.349 wt% after 100 thermal cycles, which effectively 78 

prevented the leakage of PA. Jiang et al. [30] fabricated the PA/EG CPCM for BTM applications. The 79 

results showed that the leakage rate of PA decreased with the increase of EG content. For the CPCM sample 80 

containing 30 wt% EG, the leakage rate was only 0.38%. Liu et al. [26] used expanded perlite (EP) as the 81 

supporting material. The PCMs were capric acid and myristic acid with a mass ratio of 9:1, which were 82 

mixed into cement mortar to prepare a novel building envelope to improve the thermal comfort of the 83 

building. The experimental results showed that the prepared materials have good thermal stability and 84 

leakage-proof performance. 85 

Most of the above research have focused on overcoming the problem of leakage to prepare shape-86 

stabilized CPCMs. However, assembly issues must be considered when designing some specific systems, 87 

such as PCM-based BTM systems. Conventional CPCMs have high rigidity, which can lead to low ease of 88 
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installation between the device (e.g. cylindrical lithium-ion battery) surface and the CPCM, high thermal 89 

contact resistance and energy dissipation [1]. Therefore, functionalizing the CPCM to overcome the above-90 

mentioned defects is a promising research direction. In recent years, some novel materials, such as flexible 91 

nanoporous boron nitride aerogel [31], olefin block copolymer (OBC) [32], polydimethylsiloxane (PDMS) 92 

[33], polyolefin elastomers (POE) [9], Styrene-butadiene-styrene (SBS) [34], melamine foam (MF) [8] and 93 

other elastic polymers have received a lot of attention in the preparation of flexible phase change materials. 94 

Yang et al. [9] developed CPCM flexible film based on POE and styrene-b-(ethylene-co-butylene)-b-95 

styrene triblock copolymer (SEBS) by a novel cross-linked polymer swelling strategy. The experimental 96 

results illustrate that the film can reduce the temperature of electronic device and building by 5.5°C and 97 

9.3°C, respectively. This demonstrates a great potential for thermal management applications. Wu et al. [35] 98 

successfully prepared a novel shape-stabilized thermally-induced flexible CPCM with PA as PCM and OBC 99 

as supporting material. The good flexibility of this material is achieved by triggering the phase transition 100 

of PA, which is beneficial to reduce the thermal contact resistance. Xiao et al. [8] employed a flexible 101 

CPCM using copper-coated melamine foam (MF@Cu) as the supporting material and polyethylene glycol 102 

(PEG) as the phase change component, which can be applied to the thermal management of electronic 103 

device. Huang et al. [36] successfully prepared a novel flexible composite SBS@PA/EG by using PA as the 104 

phase change component and SBS as the supporting material. This CPCM was successfully applied in BTM 105 

system. Among various elastic polymers, OBC has potential applications in TES and TM. OBC is 106 

commonly used as a supporting material for PA, while little research has been performed on CPCM using 107 

other PCMs (i.e., non-PA) as phase change components. Research in this direction is important for 108 

expanding the application of this type of elastic material and the realization of energy saving and 109 

environmental protection. 110 
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Thermal performance includes thermal conductivity, thermal convection, thermal stability and many 111 

other aspects. For CPCM, the demonstration of thermal performance is often the result of a combination of 112 

factors. Among them, thermal conductivity is a very important factor in thermal performance. Improving 113 

the thermal conductivities of shape-stabilized CPCMs with polymers as supporting materials remains a 114 

great challenge [37, 38]. The thermal conductivity of organic PCMs (e.g. paraffin, fatty acids and fatty 115 

alcohols) is approximately 0.2 W  m-1  K-1, while the thermal conductivity of polymers is similar. The low 116 

thermal conductivity of CPCM is likely to cause a considerable temperature gradient inside CPCM during 117 

heat absorption and release, resulting in a large accumulation of heat in concentrated areas and thus causing 118 

the phenomenon of thermal runaway. In order to solve this problem, the researchers have conducted 119 

numerous experimental studies on high thermal conductivity fillers such as metal foam [39], metal oxides 120 

[40], EG [32], carbon nanotubes [41], carbon fiber [42], BN [43], etc. Li et al. [44] constructed hybrid 121 

supporting materials using porous cellulose nanofibril (CNF) and silver nanowire (AgNW) through a 122 

directional freeze-drying method to encapsulate octadecanol (OCO) and octodecane (OCC). The obtained 123 

series of CPCMs showed improved thermal conductivity, good thermal stability and thermal reliability, 124 

which can be employed for renewable thermal energy storage systems. Wu et al. [1] used graphene oxide 125 

(RGO) as a thermal conductivity filler to prepare a shape-stabilized PA/MF/RGO CPCM with solar-to-126 

thermal energy storage ability. This can be utilized in the field of solar energy utilization and energy-saving 127 

buildings. Döğüşcü et al. [45] used HD as the PCM, polystyrene as the supporting matrix, and carbon 128 

nanofibers as thermal conductivity fillers to prepare the form-stable PCMs. The thermal conductivity of 129 

prepared CPCM is higher than that of pure PCM. The results show that the higher content of carbon 130 

nanofibers result in the higher thermal conductivity of CPCM. When the mass fraction of carbon nanofibers 131 

is 1.0 wt%, the thermal conductivity of CPCMs is 0.175 W  m−1  k−1. Zhang et al. [46] prepared a flexible 132 
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PCM based on silicone rubber (SR) using BN as thermal conductivity fillers. This CPCM provided both 133 

battery thermal management and anti-collision performance with a thermal conductivity of up to 0.95 W 134 

m−1  k−1, which is 5.28 times and 4.52 times higher than that of pure SR and pure PA, respectively. Among 135 

various thermal conductivity fillers, h-BN, with a structure similar to graphite has excellent thermal and 136 

chemical stability. Because of its high thermal conductivity (33 W   m-1   K-1) and electrical insulating 137 

property, it is extremely suitable to be used as the thermal conductivity filler in TES and TM. However, 138 

most of the studies are only limited to its effect on the overall thermal conductivity enhancement magnitude, 139 

and lacked of better mathematical model analysis. A combination of theoretical and experimental values 140 

would help to provide a comprehensive understanding of the h-BN. The exploration of this thermal 141 

conductivity filler is therefore of great importance. 142 

Considering all mentioned challenges above, a novel h-BN enhanced flexible HD/OBC/h-BN CPCM 143 

has been successfully prepared in this paper. OBC is used as the supporting matrix, which solves the leakage 144 

of HD and endows the thermal-induced flexibility. As the thermal conductivity filler, h-BN improves the 145 

thermal conductivity of CPCM. The effect of OBC and h-BN on thermal conductivity, phase change 146 

performance, leakage and sensitive flexibility and thermal and cycle stability are discussed carefully. The 147 

crystalline structure, morphology structure, and thermal properties are tested by X-ray diffraction (XRD), 148 

scanning electron microscope (SEM), differential scanning calorimetry (DSC) and thermal gravimetric 149 

analysis (TGA). Furthermore, the heat transfer performance of the samples is tested experimentally. The 150 

prepared shape stabilized CPCM sample exhibits excellent thermal properties and good flexibility, which 151 

can be applied to TES and TM applications. 152 

2. Experimental section 153 

2.1. Materials 154 
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1-Hexadecanol (HD, AR, Sinopharm Chemical Reagent Co., Ltd, China) with a melting point of 58.7 °C 155 

was selected as phase change component because of its suitable melting point and high latent heat (about 156 

220 J/g). OBC (Model 9530, Dow Chemical Company, USA) with a density of 0.887 g  cm-3 and a melt 157 

flow rate of 5 g/10 min (190 °C/2.16 kg) was used as the supporting material for the CPCMs. The h-BN 158 

powder (99.9% purity, Aladdin Reagent, China) with an average size of 1~2 μm was used as the thermal 159 

conductive and insulation filler. All chemicals were used directly without any treatment. 160 

2.2. Preparation 161 

In this paper, a series of the HD/OBC CPCMs modified by different content of h-BN powder were 162 

prepared through the physical melting and mixing method, as illustrated in Fig. 1. And the component 163 

proportion of CPCMs is shown in Table 1. To avoid the error caused by mass difference, the total quality 164 

of each sample was 20 g. Firstly, the pure HD and OBC were weighed using an electronic balance and 165 

mixed in a beaker. The mixture was stirred in an oil bath at 160 °C for 30 min at 1200 rpm until completely 166 

melting to yield a homogeneous solution of HD/OBC. Secondly, certain content of h-BN powder was added 167 

into the HD/OBC solution and mixed with continuous stirring at 160 °C for 30 min at 1200 rpm to obtain 168 

HD/OBC/h-BN CPCM. Ultimately, prepared mixtures (i.e., HD/OBC, HD/OBC/h-BN) were poured into a 169 

mold with the size of 25 mm in diameter for hot-pressing and then cooled for 24 hours at room temperature 170 

to obtain the compressed samples. The as-prepared samples were polished to form round thin cakes with 171 

smooth surface. The prepared samples placed in beakers can be seen in Fig. 1. 172 

2.3. Characterization 173 

2.3.1. Chemical characterization 174 

X-ray diffractometer (XRD, D8, Germany) with a scanning rate of 5° (2θ) min-1 and a scanning range 175 

of 5-80° was used to determine the chemical characterization of the composites. 176 
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2.3.2. Microstructure and morphology characteristics 177 

The microstructure and morphology of h-BN and CPCM were investigated by a scanning electron 178 

microscope (SEM, S4800, Japan) with 5 kV working voltage. In order to avoid unclear photographs due to 179 

low electronic conductivity, all samples were treated with gold spray. 180 

2.3.3. Thermal properties 181 

The DSC analysis for thermal properties of the samples including extrapolation peak onset temperature, 182 

melting peak temperature and enthalpy were determined using a simultaneous thermal analyzer (STA, HCT-183 

1, China) in nitrogen atmosphere at 100 mL  min-1 flow speed. Each sample ranged from 7 mg to 13 mg 184 

was accurately weighed with an electronic balance and sealed in the center of crucible made of aluminium 185 

oxide. The phase transition curve was obtained at the temperature rising speed of 10 °C  min-1 and the 186 

operating temperature range of 25 °C-100 °C. The TGA for thermal stability was tested by a simultaneous 187 

thermal analyzer (STA, HCT-1, China) with the operating temperature range of 25 °C-600 °C at the rate of 188 

10 °C  min-1 in the nitrogen atmosphere. Based on the transient hot-wire method, the thermal conductivity 189 

was obtained by thermal conductivity instrument (TC3000D, China) with precision of ±3%. The instrument 190 

was pre-heated for 30 min before measurement. The experimental voltage during measurement was 1 V. 191 

The data acquisition was performed every 3 min with the acquisition process lasting 2 s and repeated 10 192 

times at room temperature. The CPCM was produced into two cakes of 50 mm diameter and 10 mm 193 

thickness, which was polished with sandpaper. The measurement is then carried out by sandwiching the 194 

test sensor between the samples, ensuring that the hot wire is completely covered by the samples. 195 

2.3.4. Form-stable ability and thermal reliability 196 

The form-stable ability of compressed CPCM samples was analyzed via leakage test. Each sample 197 

with initial mass M0 was placed in beaker respectively. The samples were placed into vacuum drying oven 198 
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at 70°C. After 30 min, taking out the samples and weighing them by electronic balance. Then, the beaker 199 

was cleaned and dried before putting samples back in the vacuum drying oven. The mass of samples for n-200 

times is recorded as Mn. Ln is the leakage rate at the n-times. The leakage rate was calculated as following 201 

(i.e., Eq. 1):  202 

0

0

100%n
n

M M
L

M

−
=                                                          (1) 203 

The high-low temperature alternating test chamber was used for thermal cycling operations to determine 204 

the thermal reliability of CPCM. The operating temperature range was set from 25 °C to 70 °C at the rate 205 

of 10 °C  min-1. The constant temperature of 5 min was set after reaching the set temperature to ensure that 206 

the samples had been completely phase transition. After 200 cycles, the DSC and SEM measurements were 207 

conducted. 208 

2.3.5. Heat transfer characterization 209 

The heat transfer performance of the pure HD and CPCM was investigated by heat storage and release 210 

experiment. The test system consisted of Agilent data acquisition module (Agilent 34970A, USA), 211 

computer terminal and thermostatic oil bath (DF-101S, China), as shown in Fig. 2. After weighing 20 g of 212 

pure HD and CPCM in 50 mL beakers, the samples were placed in the thermostatic oil bath to melt 213 

completely. The samples were cooled to room temperature after inserting K-type thermocouples into the 214 

middle of them. In addition, the temperature of the experimental environment (Ta) was recorded with 215 

another thermocouple. The temperature of oil bath was set to 70 °C and each sample was thermally 216 

equilibrated at 25°C for a period. Then, the samples were placed in the oil bath. When the temperature of 217 

samples no longer fluctuates, the samples were removed from the oil bath and placed in the air to cool to 218 

25 °C. Finally, the temperature curves were obtained from the heating and cooling processes. 219 

3. Results and Discussion 220 
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3.1. Crystalline structure and morphology 221 

The chemical compatibility of the components in CPCM was analyzed by XRD, as shown in Fig. 3. 222 

For pure HD, the sharp diffraction peaks appearing at 21.72° and 24.61° represent the crystallization of HD, 223 

which is attributed to the diffraction of (-6 1 1) and (14 0 2) crystal planes. The diffraction peaks of OBC 224 

are captured at 13.96° and 16.71°. The XRD pattern of S4 contains all the peaks of HD and OBC. In the 225 

XRD pattern of h-BN, a strong diffraction peak is observed near 26.66°, which is corresponding to the 226 

feature peak (0 0 2) of BN. Since S7 of HD/OBC/h-BN composite is composed of S4 HD/OBC and h-BN 227 

particles, it can be seen that the range of peaks appearing in S7 correspond well to the diffraction peaks of 228 

S4 and h-BN. No new peaks can be observed in S7, indicating that the HD/OBC/h-BN composites are 229 

physical mixes and there is no change in the crystalline form. It is further found that the diffraction peak 230 

intensity of S7 at 26.66° is relatively lower in comparison with that of pure h-BN, which is due to the low 231 

loading of h-BN in S7. 232 

Morphology structural characterization of h-BN, HD/OBC (S4) and HD/OBC/h-BN (S7) composites 233 

are presented in Fig. 4. As shown in Fig. 4(a) and Fig. 4(d), it can be seen that h-BN is tiny particle with 234 

the size of 1~2 μm. Such tiny particles provide a high specific surface area. As displayed in Fig. 4(b) and 235 

Fig. 4(e), the morphology of HD/OBC shows a laminar structure with no indication of immiscibility 236 

between HD and OBC, indicating that HD can be dispersed well into the OBC network [47]. In addition, 237 

the three-dimensional network structure of the OBC facilitates the adsorption of HD, which is essential for 238 

the shape stability of CPCM. As shown in Fig. 4(c) and Fig. 4(f), the poor compatibility between h-BN and 239 

HD/OBC makes h-BN easily distinguished in CPCM. The h-BN is distributed in the whole vision and still 240 

maintains a particle size of 1~2 μm without agglomeration. The reason is that the porosity structure of 241 

HD/OBC can absorb h-BN particles and prevent them from agglomeration and settlement. Meanwhile, h-242 
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BN with the high specific surface area distributed on the OBC can fix HD to a certain extent, further 243 

enhancing the shape stability and thermal conductivity of CPCM. 244 

3.2. Thermal conductivity enhancement 245 

Thermal conductivity is an important property because it is closely related to thermal performance in 246 

various practical applications. As mentioned before, HD and OBC are organic materials with low thermal 247 

conductivity and so are their blends. In this work, h-BN with different mass fractions was added into the 248 

HD/OBC blends to enhance the thermal conductivity. Fig. 5 indicates the thermal conductivity of samples 249 

with different h-BN mass fractions at room temperature. Fig. S1 and Table S1 show the specific data, 250 

average, standard deviation and CV% of 10 measurements. It can be seen that the overall thermal 251 

conductivity increases almost linearly with the mass fraction of h-BN. The h-BN with high specific surface 252 

area can effectively increase the thermal conductivity. The results showed that the thermal conductivity of 253 

HD/OBC/h-BN composites is 0.26965 W  m−1  k−1, 0.28350 W  m−1  k−1 and 0.30225 W  m−1  k−1 when 254 

the mass fraction of h-BN is 1 wt%, 5 wt% and 10 wt% respectively, which is 3.83%, 9.16% and 16.38% 255 

higher than that of the HD/OBC blend (0.25970 W  m−1  k−1 ). 256 

In general, the effective thermal conductivity of CPCMs is strongly influenced by their composition. 257 

Many analytical models have been proposed for the thermal conductivity of composites such as the classical 258 

Maxwell-Eucken model. In this work, the Maxwell-Eucken model, as shown in Eq. 2, was used to 259 

investigate the effective thermal conductivity of HD/OBC/h-BN composites.  260 

/ / /
/

/ / /

2 2( )(1 )

2 ( )(1 )

HD OBC BN HD OBC BN HD OBC
e HD OBC

HD OBC BN HD OBC BN HD OBC

k k k k v
k k

k k k k v

+ − − −
=

+ + − −
                        （2） 261 

The Maxwell-Eucken model is a classical model well suited for estimating the thermal conductivity of 262 

porous composites based on the rule of mixture of composite, which represents the homogeneous dispersion 263 

of one medium in another medium with disconnected pores in the dispersed phase, resulting in a composite 264 
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containing two components. Meanwhile, Maxwell-Eucken model does not take the effect of the composite's 265 

bulk density into account [48]. In order to deal with the mathematical model of the HD/OBC/h-BN ternary 266 

material, the HD/OBC blend was treated as a single component with equivalent physical properties. Its 267 

density was experimentally tested to be 0.92280 g/cm3 and the thermal conductivity was tested to be 268 

0.25970 W  m−1  k−1. The comparison of the measured values with the predicted values shows in Fig. 5. 269 

The measured thermal conductivity of S6 is 0.26965 W  m−1  k−1, while the predicted value is 0.26280 W270 

 m−1  k−1; the measured value of S7 and S8 is 0.28350 W  m−1  k−1 and 0.30225 W  m−1  k−1, while the 271 

predicted value is 0.27590 W  m−1  k−1 and 0.29410 W  m−1  k−1 respectively. The maximum deviation 272 

between measured and predicted values is only 2.7%. Therefore, the mathematical model of the HD/OBC/h-273 

BN ternary composite can be reasonably predicted theoretically by the Maxwell-Eucken model. However, 274 

it is worth noting that the deviation of predicted value and CV% of measurements are gradually increasing 275 

with the increase of h-BN addition. This is due to the fact that as the amount of h-BN added increases, the 276 

performance impact of its uneven dispersion will be more significant. Meanwhile, it can be demonstrated 277 

that the samples prepared in this work are well mixed and the h-BN is well distributed as a dispersed phase 278 

in the HD/OBC continuous phase. 279 

3.3. Phase change performance 280 

The phase transition property of PCM is essential. The DSC heating curves of pure HD and CPCMs are 281 

shown in Fig. 6 and the corresponding extrapolation peak onset temperature (Te), melting peak temperature 282 

(Tm) and enthalpy (ΔHm) are listed in Table 2. The phase transition temperature mentioned in this paper 283 

refers to the melting peak temperature. As shown in Fig. 6(a) and Table 2, the melting peak temperatures 284 

of S1-S5 change slightly compared to that of HD with a maximum variation of only 4.77%, which shows 285 

the effect of OBC on the phase transition temperature of HD is minimal. The enthalpy of pure HD is 0.22 286 
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kJ/g. As content of OBC increases from 10 wt% to 50 wt%, enthalpy of the HD/OBC blends is found to 287 

decrease. The lowest value is 0.14 kJ/g for S5, demonstrating that OBC cannot provide the latent heat 288 

storage capacity in the experimental temperature range. To further investigate the effect of h-BN on the 289 

phase transition property of CPCM, DSC test was done on S6, S7 and S8. The heating curves are shown in 290 

Fig. 6(b) with melting peak temperature of 61.2 °C, 61.6 °C and 57.4 °C for S6, S7 and S8, respectively. 291 

Compared with S4, the maximum change is only 3.69%. The results show that h-BN has little effect on the 292 

phase transition temperature of HD/OBC. The enthalpy fluctuates only slightly with the addition of 1 wt%, 293 

5 wt% and 10 wt% h-BN powder, respectively. Since h-BN also does not have the ability to store latent 294 

heat, the effect of adding 1 wt% of h-BN on the enthalpy is almost negligible from the experimental results. 295 

The addition of 5 wt% and 10 wt% h-BN leads to a corresponding decrease in enthalpy, but still remains in 296 

a high level. 297 

3.4. Leakage and sensitive flexibility experiment 298 

Pure HD exhibits the strong rigidity and fragility when subjected to external forces at room temperature 299 

of 25°C, as shown in Fig. 7(a-b). This can lead to problems with installation and integration, resulting in 300 

high interface thermal contact resistance between the PCM and controlled device and affecting overall 301 

performance. Furthermore, as shown in Fig. 7(c-d), HD melts completely to the pure liquid state when 302 

experimental temperature is higher than the phase transition temperature of HD. For organic PCMs, the 303 

solid-liquid phase transition not only raises leakage safety issues, but also affects their cycle reliability. 304 

Leakage test with thermal cycles between 25 °C and 70 °C was done to investigate the leakage-proof 305 

performance of prepared CPCMs. The results are shown in Fig. 8 and the photographs of each sample are 306 

listed in Table S2. The component of the leakage is mainly HD. As shown in Fig. 8(a), the leakage rate of 307 

S1 (with 10 wt% OBC) increased with the number of thermal cycles and reached 34.70% after 10 thermal 308 



15 
 

cycles. The leakage of HD is clearly visible in the beaker and the original shape of the sample is changed, 309 

indicating that 10 wt% OBC was not sufficient to restrict the leakage of HD and the shape stability of 310 

CPCM was poor. S2 (with 20 wt% OBC), S3 (with 30 wt% OBC), S4 (with 40 wt% OBC) and S5 (with 50 311 

wt% OBC) have the leakage rate of 19.89%, 11.14%, 2.69% and 0.81% after 10 thermal cycles, respectively. 312 

The leakage rate decreases significantly with increasing the content of OBC in HD/OBC. The three-313 

dimensional network structure of OBC can wrap around the HD more effectively and restrict the flow of 314 

liquid HD to some extent [49]. Although S5 has the best shape stability, its latent heat of phase change (0.14 315 

kJ/g) is inferior to that of S4 (0.16 kJ/g). Considering the shape stability and the latent heat of phase change, 316 

S6, S7 and S8 are all further added with h-BN through the S4 matrix. As shown in Fig. 8(b), the leakage 317 

rate of S6, S7 and S8 after 10 thermal cycles is 0.77%, 0.31% and 0.89%, respectively. Due to the leakage 318 

of HD, the reduction of HD proportion allows the h-BN to be better covered by the three-dimensional 319 

network structure of OBC, thus limiting the leakage of liquid HD to some extent [49]. It can be noted that 320 

the sample with 10 wt.% h-BN added (S8) had a higher leakage rate than the other samples. Due to the 321 

strong interaction between the h-BN particles, agglomeration is more likely to occur when too many 322 

particles are added. It can result in non-uniform dispersion of the h-BN, which further prevents it from 323 

being effectively covered by the three-dimensional network structure of the OBC. Therefore, adding the 324 

appropriate amount of h-BN can further reduce the leakage rate of CPCM. It is worth noting that sample 325 

S7, a CPCM based on S4 with the addition of 5 wt% h-BN, has an even lower leakage rate (0.31%) than 326 

that of S5 (0.81%) by 61.73%, while the enthalpy of S7 (0.15 kJ/g) is higher than that of S5 (0.14 kJ/g). In 327 

the prepared HD/OBC/h-BN CPCMs (i.e., S6, S7 and S8), the leakage rates after 10 thermal cycles are all 328 

less than 1 wt%, proving that CPCMs prepared in this paper have good leakage-proof capability. 329 

Fig. 9 shows the basic mechanism of the shape-stabilized CPCM based on OBC and the form in which 330 
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it can withstand external forces. OBC as a thermoplastic polyolefin elastomer, is composed of crystallizable 331 

hard block and amorphous soft block. The hard block gives the OBC a high melting temperature and the 332 

soft block gives the OBC a low glass transition temperature. Based on the unique phase separation structure 333 

of OBC, the solid-liquid phase transition of HD can be used to enable the conversion between rigid and 334 

flexible CPCMs [49]. As a result, the CPCM is rigid at room temperature due to the solid HD, while the 335 

soft block of OBC prevents the liquid HD from leaking at high temperature and allows the CPCM to exhibit 336 

good flexibility under stretching, compression and torsion. To illustrate the thermal-induced flexibility of 337 

the prepared CPCM, S4 and S7 were heated in a vacuum drying oven at 70°C for 30 min. When thermal 338 

equilibrium is reached, HD is completely melted and the flexibility of S4 is triggered by the solid-liquid 339 

phase transition of HD. Therefore, the CPCM could be stretched/compressed/bent under external forces. 340 

For the sample filled with h-BN, the same rigid-flexible transition is exhibited under thermal trigger, as 341 

shown in Fig. 10. Each sample can be bent into any angle by external force. The pure HD subjected to 342 

external forces and the deformation modes of the prepared S4 and S7 are shown in Video S1, Video S2 and 343 

Video S3. The diversity of deformation modes allows the CPCM to be used in a variety of applications. 344 

The results show that the prepared CPCM can transform from a rigid material to a flexible material under 345 

thermal trigger, while h-BN has no effect on its rigidity-flexibility transformation properties. 346 

3.5. Thermal and cycle stability 347 

To analyze the thermal stability of CPCM at high temperature conditions, TGA tests were carried out. 348 

Fig. 11 shows the TGA curves of HD, OBC, HD/OBC (i.e., S1-S5) and HD/OBC/h-BN (i.e., S6-S8). From 349 

Fig. 11(a), it can be seen that both HD and OBC are one-step degradation with only one plateau during the 350 

decomposition process. The decomposition of HD begins at 161.7 °C and decomposes completely at 351 

258.8 °C. OBC does not show obvious decomposition until 383.8 °C and decomposes completely at 352 
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464.9°C. For S1-S5, the TGA curves are divided into two processes. The first process from 160 °C to 300 °C 353 

is the decomposition of HD. The second process above 400 °C is the decomposition of OBC. The complete 354 

decomposition temperature reaches 481.3 °C (S5), which is an increase of 85.97% compared to that of HD 355 

(258.8 °C). As can be seen from Fig. 11(b), for S6-S8, the TGA curves are still divided into two processes. 356 

As the operating temperature increasing to 600 °C, some remaining residue can be found and is believed to 357 

be undecomposed h-BN as the mass content of residue is consistent with the loading ratio of h-BN in the 358 

PA/OBC/h-BN composites (S6-S8). For S8 (with 10 wt% h-BN), the temperature to reach 90 wt% mass 359 

loss is 517.9 °C, an increase of 100.12% and 13.08% relative to the complete decomposition temperature 360 

of HD and S4, respectively. It demonstrates that HD, OBC and h-BN can be mixed very successfully and 361 

the prepared CPCM has good thermal stability. 362 

The thermal cycle stability of CPCM is a key point for practical engineering applications in TES and 363 

TM. The DSC curves measured for S7 before and after 200 thermal cycles are shown in Fig. 12. It can be 364 

seen that only a small shift can be observed after thermal cycles between 25-70 °C, indicating that the phase 365 

transition temperature of CPCM is not significantly affected by thermal cycling. In addition, the enthalpy 366 

of CPCM does not change obviously before and after thermal cycling and still maintains a high level of 367 

0.15 kJ/g. Meanwhile, the SEM image of S7 after 200 thermal cycles is shown in the Fig. 13. A well-368 

dispersed state of h-BN (marked by red circles) can be easily observed, which indicated that the phase 369 

transition occurring during thermal cycling does not cause significant changes in the h-BN dispersion. 370 

Therefore, the prepared CPCM after 200 thermal cycles has good thermal reliability. 371 

3.6. Heat transfer performance 372 

To further explore the effects of OBC and h-BN on the thermal performance of CPCM, the heat transfer 373 

characteristics of different samples were investigated. It can be seen from Fig. 14 that the ideal thermal 374 
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storage and release process can be divided into three stages, namely the heating stage (1-3), the thermal 375 

equilibrium stage (4) and the cooling stage (5-7), while there are seven specific stages contained within the 376 

three stages. The numerical symbols corresponding to the stages have been marked in Fig. 14.  377 

The shape of transient temperature variation curves obtained through experiment of the samples in Fig. 378 

15 (a) are similar to that of Fig. 14. In stage 1, phase transition of materials has not begun (i.e., remaining 379 

solid phase). The heat from the surrounding environment is absorbed by the samples in the form of sensible 380 

heat through the way of heat conduction between the samples and the surrounding environment. As can be 381 

seen in Fig. 15 (a), due to the difference in thermal conductivity, the temperature rising slope of the samples 382 

shows a significant variability. S7 has the highest thermal conductivity, followed by S4 and HD in that order. 383 

It is clear from Fig. 15(a) that the green line (S7) has the greatest slope, followed by the blue line (S4) and 384 

the red line (HD). When the temperature reaches the melting point of PCM, the temperature changing 385 

gradually slows down and a distinct plateau in temperature appears at stage 2, while the PCM begins to 386 

absorb heat in the form of latent heat. It is easy to distinguish from Fig. 15 that pure HD has the narrowest 387 

range of stage 2 of all samples (i.e., pure HD is the first to complete the phase transition process to end 388 

stage 2). This is due to the buoyancy force generated by the natural convection of liquid HD during the 389 

melting process, which enhances the heat transfer within the HD [17, 50]. While S4 and S7 are solid-state 390 

in macroscopic due to the limitation of the three-dimensional network structure of OBC, the natural 391 

convection of the internal melted HD is limited. Therefore, the heat transfer of S4 and S7 is low and the 392 

phase transition rate is slowed down. It is worth noting that the heat transfer efficiency of S7 is higher than 393 

S4 due to the higher thermal conductivity of S7 than S4. In Fig. 15(a), it is clear that the green line (S7) is 394 

the first to complete the phase transition process relative to the blue line (S4). It can also be noted that even 395 

though S7 has a relatively high thermal conductivity, its phase transition range is still longer than that of 396 
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HD. This is due to the fact that although HD has the lowest thermal conductivity, the promotion of heat 397 

transfer within the HD by the natural convection is more effective than increased thermal conductivity by 398 

h-BN. It greatly improves the heat transfer efficiency of the HD and completes the phase transition process 399 

prior to the S7. When the phase transition (i.e., stage 2) is complete, the heat is absorbed by the PCM in the 400 

form of sensible heat in stage 3, which implies an increase in temperature. In stage 4, the temperatures of 401 

samples all keep relatively constant as they reach the temperature close to the set point. During this stage, 402 

two phenomena can be observed. Firstly, the temperature of the environment and the thermal equilibrium 403 

temperature of the pure HD always fluctuate around 70 °C, which is due to the thermostatic mode of the 404 

oil bath. While for S4 and S7, there is no temperature fluctuation, indicating that the CPCM has good 405 

thermostatic characteristics. Secondly, the environment temperature is set at 70 °C and the thermal 406 

equilibrium temperature of pure HD also reached 70 °C, while S4 and S7 both reached a maximum 407 

temperature of 63 °C. This is the effect of the OBC-based CPCM on the control of the maximum 408 

temperature rise [51], which has a good effect on the temperature control of the battery surface in BTM 409 

applications. The transient temperature curves of the cooling process are similar to that of the heating 410 

process. It is noteworthy that in stage 6, the S7 with the highest thermal conductivity, completes the phase 411 

transition first, followed in turn by S4 and HD. Different from the natural convection effect of HD during 412 

the heating process, the natural convection is suppressed by the high viscosity of the molten HD during 413 

cooling process, while the large enthalpy and low thermal conductivity further prolongs the freezing time 414 

[35]. Several papers give the same conclusions as this paper as to the reasons for the differences in the 415 

phase transition processes between the heating and cooling, such as [35], [49], [50] and [52].  416 

a nT T T = −                                                                  （3） 417 

To further analyze the effects of OBC and h-BN on the heat transfer performance of CPCM, the transient 418 
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temperature difference (ΔT) between sample and environment was introduced as shown in Eq. 3, where Ta 419 

is the environment temperature, which was set to 70 °C in this paper. Tn is the sample temperature where n 420 

contains HD, S4 and S7. Table 3 more accurately reflects the time spans required for the phase transition 421 

of pure HD and CPCM during heating and cooling process in Fig. 15. As shown in Fig. 15(b), as previously 422 

mentioned, the addition of OBC limits the natural convection of the molten HD and slows down the phase 423 

transition during the heating process. As a result, the phase transition range of S4 is extended by 175% 424 

compared to that of pure HD during the heating process. During the cooling process, the material releases 425 

a large amount of latent heat stored in pure HD during the heating process, while OBC leads to lower latent 426 

heat storage in CPCM. Therefore, compared to pure HD, the phase transition range of S4 is reduced by 427 

64.27%. As the parts of the curves marked by enlargement in the Fig. 15(b), during the phase transition 428 

process, it can be noted that the ΔT of S4 is smaller than that of pure HD, and the ΔT of S7 is smaller than 429 

that of S4. As a result, the addition of h-BN leads to a reduction in ΔT during the phase transition process. 430 

Meanwhile, excluding the effect of natural convection, the temperature of the sample will reach constant 431 

more quickly. During the heating and cooling process, the phase transition range for S7 is reduced by 17.32% 432 

and 21.71% compared to S4, respectively. 433 

Therefore, it can be considered that the heating and cooling process are influenced by three main factors: 434 

thermal conduction, natural convection and latent heat. It is worth noting that the prepared CPCM has two 435 

advantageous features for practical engineering applications. Firstly, the phase transition range of stage 2 436 

can be matched to the optimal battery operating temperature recommended in BTM. The purpose is to keep 437 

the battery temperature near the recommended temperature range, thus improving electrochemical 438 

performance, extending lifespan of battery and increasing efficiency. Secondly, the temperature difference 439 

in stage 4 can alleviate thermal runaway of device to some extent, effectively reducing the maximum 440 
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temperature rise, increasing safety and effectively reducing economic losses. 441 

4. Conclusions 442 

Conventional organic PCMs play an important role in TES and TM because of their high latent heat 443 

storage capacity and approximately constant temperature during the phase transition process. However, 444 

their characteristics such as aggravating fossil energy consumption, easy leakage, low thermal conductivity, 445 

rigidity and fragility limit their applications. Therefore, in this study, a novel environmentally friendly and 446 

flexible HD/OBC/h-BN composite with a good shape stability is successfully fabricated. It is thermally 447 

flexible and electrically insulating while solving the above problems. XRD and SEM characterization 448 

showed the good physicochemical compatibility between the components of the composite. DSC and 449 

leakage tests show that 40 wt% OBC can effectively prevent leakage of liquid-phase HD while maintaining 450 

a high level of the latent heat. There are significant advantages in TES due to the high enthalpy of CPCMs. 451 

The addition of h-BN can further reduce the leakage rate while improving the overall thermal conductivity 452 

of CPCMs. The leakage rate of the CPCM with 5 wt% h-BN is only 0.31%. Based on the Maxwell-Eucken 453 

model, the mathematical method of treating HD/OBC blend as a single component with equivalent physical 454 

properties is validated, demonstrating that the method can better predict the thermal conductivity of this 455 

type of ternary material. TGA and thermal cycling tests confirm the good thermal stability and thermal 456 

reliability of CPCMs. In the heat transfer performance experiments, h-BN results in a shorter time to reach 457 

a stable sample temperature, while the CPCM effectively reduces the maximum temperature rise and 458 

suppresses temperature fluctuation, giving a clear advantage in TM. The prepared CPCM (with HD as PCM) 459 

has a suitable phase transition temperature and high latent heat storage capacity. The thermally-induced 460 

flexibility of CPCM can reduce its thermal contact resistance between the CPCM and device, and 461 

effectively improve the efficiency. These advantages make this developed CPCM in this paper a great 462 
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potential for TES and TM applications that cannot be ignored. 463 
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 611 

Fig. 1. The preparation process of the CPCMs. 612 

Table 1 613 

The compositions of the HD/OBC/h-BN composites. 614 

Samples HD (g) OBC 

(g) 

HD/OBC (mass ratio) h-BN 

(g) 

Mass fraction of 

h-BN (%) 

S1 18 2 9/1 0 0 

S2 16 4 8/2 0 0 

S3 14 6 7/3 0 0 

S4 12 8 6/4 0 0 

S5 10 10 5/5 0 0 

S6 11.88 7.92 6/4 0.2 1 

S7 11.40 7.60 6/4  1 5 

S8 10.80 7.20 6/4  2 10 
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 615 
Fig. 2. Experimental set-up and thermocouple plot of heat storage and release experiment. 616 
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 617 
Fig. 3. XRD experimental results of the HD, OBC, h-BN, HD/OBC (S4) and HD/OBC/h-BN (S7) 618 

composite. 619 
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Fig. 4. Large view morphology structural characterizations of (a) h-BN particles, (b) HD/OBC composite 622 

(S4) and (c) HD/OBC/h-BN composite (S7). The dashed line enclosed areas are further studied in high 623 

resolution images as (d), (e), and (f) respectively to provide details in h-BN particle distribution in the 624 

HD/OBC composite. Evenly distributed h-BN particles are indicated by arrows in figure (f). 625 
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Fig. 5. Thermal conductivity results of the CPCM with different content of h-BN at room temperature. 627 

 628 

Fig. 6. The phase transition properties of the samples. (a) DSC curves of HD, S1-S5, and (b) S6-S8 at 629 

melting process. 630 

Table 2 631 

DSC results of the pure HD and CPCMs. 632 

Samples Te (°C) Tm(°C) ΔHm (kJ/g) 

HD 52.9 58.7 0.22 

S1 50.3 60.4 0.20 

S2 50.7 60.6 0.19 

S3 50.8 61.5 0.17 

S4 50.6 59.6 0.16 

S5 49.8 58.5 0.14 

S6 51.5 61.2 0.16 

S7 53.7 61.6 0.15 

S8 50.9 57.4 0.13 
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 633 

Fig. 7. (a-b)The bending test of pure HD with and without external force at room temperature and (c-d) the 634 

leakage of pure HD. 635 

 636 

Fig. 8. The leakage rate of different samples (a) S1-S5 and (b) S4-S8 over the test cycle number. 637 

 638 

Fig. 9. The basic mechanism diagram of thermally-induced flexible composite with diversity of 639 

deformation modes. 640 
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 641 

Fig. 10. The bending test of different composites (S4 and S7) with and without external force after heating 642 

at 70 °C. 643 
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 644 

Fig. 11. TGA curves of (a) HD, OBC, S1-S5, (b) S4 and S6-S8. 645 
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Fig. 12. DSC curves of the S7 before and after 200 thermal cycles. 647 
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 648 

Fig. 13. Morphology structural characterizations of HD/OBC/h-BN composite (S7) after 200 649 

thermal cycles. 650 

 651 

Fig. 14. The ideal temperature curve diagram of heating and cooling processes. 652 
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Fig. 15. The temperature variation curves of pure HD and different CPCMs during heating and cooling 655 

processes: (a) Heat storage and release processes; (b) temperature differences between samples and 656 

environment. 657 

Table 3 658 

Time spans of samples in the heating and cooling process. 659 

Samples Time (s)  

Phase transition range  

Heating Cooling 

HD 

S4 

S7 

1150-1990  6730-10340  

960-3270  6820-8110  

790-2700  6680-7690  

 660 


